Introduction
C haracterization of glycoconjugates (glycolipids, glycosphingolipids, glycopeptides, glycosides, etc.) by tandem mass spectrometry (MS/MS) techniques has become an important part of the analytical approach to the analysis of the glycome [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In a typical scenario, glycoconjugates are ionized by electrospray ionization or matrix-assisted laser desorption ionization and subsequently analyzed by examining measured mass and collision induced dissociation (CID) spectra [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . In order to optimize the application of the technique, it is important to understand the gas-phase ion chemistry of the dissociation reactions of glycoconjugates. Fast atom bombardment MS/MS investigations of glycolipids and glycopeptides have shown rather complex fragmentation patterns within the carbohydrate portion of the molecule [11] [12] [13] . Simplest fragmentation pattern results from the cleavage of the glycosidic bond, whereas the more complex processes involve the dissociation of the sugar ring, Scheme 1. Product ions on Scheme 1 are labeled according to the nomenclature proposed by Domon and Costello [12] . Product ions from the carbohydrate side are labeled as A i , B i , and C i , whereas product ions containing a glycone are designated as X j , Y j , and Z j . The most common dissociation pattern occurring in both positive and negative product ion spectra of glycoconjugates involves cleavage of the glycosidic bond with retention of the glycosidic oxygen atom by the species formed from the reducing end. Product ions generated via this cleavage are represented as B i and Y j [12] .
Using blocking groups and isotopic labeling experiments, Prome et al. proposed that in negative ion mode, glycosidic cleavage and formation of the Y j ion occurs after opening the sugar ring by a vicinal attack of an oxyanion at position 4 or 6 [13] . Proton transfer reaction between the neutral and ionized fragment may occur and generate the B i ion [12, 13] . Molecular orbital calculations at the HF/3-21G level of theory suggested that deprotonation at hydroxyl group of the non-reducing ring, accompanied by ring opening, may be an important factor in disaccharide fragmentation, especially for cross-ring cleavages [14] . On the other hand, considering data from the CID study of heparin disaccharides, Saad and Leary postulated the charge remote mechanism [15] . The general mechanism included proton transfer from hydroxylic group at position 2 to the glycosidic bond oxygen, followed by epoxide formation and cleavage of the glycosidic bond.
In our previous work we have demonstrated the computationally generated glycosphingolipid (GSL) ion database for negative ion MS and MSMS ion spectra search [16] . The database and accompanying application (GSL-finder) have been successfully applied to the analysis of mice brain gangliosides (sialic acid (Neu5Ac) containing glycosphingolipids) with altered ganglioside biosynthesis, on a commercially available ganglioside fraction, and on complex native ganglioside mixtures isolated from human (fetal and adult) and calf brain tissues [10, 16] . The GSL-finder application and other software tools for mass spectrometric data analysis of glycoconjugates are designed to assign molecular structures to tandem MS spectra [16] [17] [18] . For this strategy to be effective, fragmentation models utilized in software applications need to implement latest understandings of dissociation mechanisms of GSLs.
Having all this in mind, cleavages of the glycosidic bonds of deprotonated GSLs are examined in this study. A small data set of 75 tandem MS spectra collected from previous studies [10, 16] was used to suggest fragmentation behavior of GSLs. The proposed fragmentation pathways have been computationally assessed on a GSL level. Unraveled thermodynamics (potential energy surfaces) provided a basis for discussing kinetics aspects of the gas-phase unimolecular dissociation.
Methods
Materials, Mass Spectrometry, and Spectra Analysis GSL tandem MS spectra were obtained from the analysis of mice, calf, and human brain tissues. Details about extraction and purification procedures can be found in the original publications [10, 16] . Negative ion mode MS and tandem MS analysis of the GSL samples were performed on the Bruker amaZon ETD ion trap system (Bruker Daltonik GmbH, Bremen, Germany) using the experimental procedure described in the previous publications [10, 16] . GSL ion identification was accomplished using the software application BGSL finder^and its accompanying GSL database [16] . Additionally, spectra were manually validated. Altogether, 75 spectra were used for analysis in this work. Computer scripts written in the Mathematica 8.0 (Wolfram Research Inc. Hanborough, United Kingdom) were used to extract and analyze tandem MS spectra.
Computational Methods
Thermodynamic and kinetic aspects of the glycosidic bond cleavage were analyzed by a combination of the quantum mechanic (QM) and the Rice-Ramsperger-Kassel-Marcus (RRKM) theory modeling. A similar approach was used for evaluating the gas-phase unimolecular dissociation of protonated peptides [19] . Potential energy surfaces of the proposed pathways were first established on the model systems (Galβ1Glc and II 3 -α-Neu5Ac-Gal) and then further evaluated on GM3 (II 3 -α-Neu5Ac-Galβ4Glcβ1Cer) ganglioside. In order to decrease computational resources, aliphatic chains in the ceramide were omitted.
Geometry optimizations were performed at the B3LYP/6 −31G(d) level. It was suggested that using diffuse functions when dealing with negative ions should be considered [20, 21] . Effect of the diffuse function(s) on geometries and barrier h e i g h t s w a s c h e c k e d u s i n g t h e s m a l l e r s y s t e m (Galβ4Glcβ1Cer). Comparison of geometries computed at the B3LYP/6−31G(d) level against the B3LYP/6−31+G(d) and B3LYP/6-311++G(d,p) levels did not result in any major discrepancies. Monitored reaction threshold differed up to 6 kJ mol -1 [B3LYP/6− 31G(d) versus B3LYP/6-311++G(d,p)]. However, when using the single point calculation described below, estimated barrier heights were almost the same (S-Table 1, Supporting Information). In addition, stability of the DFT wave function was checked. In summary, considering the size of the final system (GM3 ganglioside) and the effect of the diffuse functions on calculation time, the B3LYP/6 −31G(d) level of theory was used as a good compromise for obtaining satisfactory geometries, in agreement with suggestions that it is the quickest model chemistry that delivers useful results for carbohydrates [21] .
Stationary points (i.e., the minima and transition states on the potential energy surface) were identified by the harmonic frequency analysis. Transition state structures were additionally tested by the intrinsic reaction coordinate (IRC) analysis. In order to get a more accurate description of dissociation energies, single point calculations at the B3LYP/6−31G++(d,p) level were used. Energies computed at the B3LYP/6 −31G++(d,p) level have shown the smallest deviation when several higher basis sets and levels of theory (e.g., MP2) were evaluated against the G3(MP2)//B3LYP (G3MP2B3) composite computational protocol [22] on a restricted number of model system molecules.
The potential energy surface of the test ganglioside (GM3) was sampled by a combination of quenched dynamics and simulated annealing. The molecular dynamics (MD) simulations at the 800 K for 30 ps were followed by slow cooling to the 200 K over 10 ps, and geometry optimization using the steepest descent approach. Five hundred structures were generated with this procedure. The structures within~41 kJ mol
) from the lowest energy conformer were selected as the candidate group. The candidate group structures were re-optimized using the B3LYP/6-31G(d) level of theory and energies were calculated at the B3LYP/6−31G++(d,p). The lowest energy structure found was considered as the representative structure.
All MD simulations were performed using the AMBER 99 force field, whilst quantum mechanics calculations were performed using the GAUSSIAN 09 [23] . Kinetic insights into fragmentation and rearrangement pathways were achieved by using RRKM formalism in the MassKinetics application [24] . Outputs from the QM calculations (energetic and ro-vibrational data) were used to estimate unimolecular rate constants over a range of internal energies. Geometries of all structures are available upon request.
Results and Discussion

GSL Dissociation Patterns in Tandem MS Spectra
To characterize fragmentation behavior of GSLs (mainly sialic acidic containing GSLs), 75 tandem MS spectra were analyzed (10 representative spectra can be found in Supporting Information, S- Figure 1 ). On average, 64% of the total ion intensity in the spectrum can be attributed to the B and Y ions. For each spectrum analyzed, B and Y product ion abundance was normalized to total abundance of all B and Y ions in the spectrum. Normalization separates the intensities of B and Y ions from other fragmentation pathways and allows direct comparison between B and Y abundances. The length of the GSL carbohydrate portion varied up to seven building blocks (three sialic acids, three hexoses, and one N-acetylhexosamine in a form of GT1, Supporting Information, S- Figure 1i . Forty percent spectra were from singly charged, whereas 60% spectra were from doubly charged GSLs; 45 GSLs (60%) produced B ions and 80% of them were doubly charged. When B ions are produced, they are significantly less abundant than Y ions, 20% against 80%, respectively. However, total abundance of B ions is slightly underestimated because of the use of the ion trap instrument where low mass signals (e.g., at 291m/z corresponding to Observed behavior is consistent with previous studies of Nand O-linked sialylated oligosaccharides, which found dominant fragments arising from the loss of sialic acid, and less abundant fragments from cleavage of other glycosidic bonds [2, 8] . The low-energy CID spectrum of GM3 ganglioside with (d18:1/18:0) ceramide shown in Figure 1 is an example and a brief summary of this analysis; abundant product ion(s) B 1 and Y 2 associated with the sialic acid loss are accompanied by other glycosidic bonds (Gal-Glc and Glc-Cer) dissociation product ions, Y 0 and Y 1 .
Modeling of the Glycosidic Bond Cleavage of the Neutral Glycosphingolipids
Owing to the nature of extraction and purification procedures used [consult references 10, 16] only few of the neutral GSL species (species with unsubstituted glycosyl moiety) were observed (e.g., Supporting Information, S- Figure 1b) . However, let us first consider possible pathways of the glycosidic bond cleavage of the neutral GSLs. One reason is that the neutral GSLs do not contain the highly acidic group (e.g., sialic acid), which strongly determinates the gas-phase chemistry, as suggested in the previous paragraph. Lack of the acidic group reduces complexity of our modeling system and we can focus on the HexHex glycosidic bond cleavage that is a good example for understanding dissociation mechanisms of carbohydrates and neutral glycoconjugates. Also, the neutral GSLs are observed as product Galβ4Glcβ1Cer (LacCer) molecule was used as model system (LacCer on Scheme 2). In the lowest energy conformation of the singly deprotonated LacCer, the charge is located on the C4 deprotonated hydroxyl group. We may presume that during vibrational excitation, proton migrates in-between hydroxylic groups, thus creating a nucleophilic center at different positions within the molecule. This presumption is supported by Salpin and Tortajada [20] suggesting that the energy barriers associated with the Bproton ring walk^between hydroxylic groups of D-glucopyranose are rather small (~50 kJ mol -1 ). Deprotonation of the hydroxylic group may be very useful because it creates the nucleophile that can be involved in substitution reaction. In the S N 2 intramolecular nucleophilic substitution, originally suggested by Prome et al. [13] , the oxyanion at position six attacks the carbon at position five and undergoes epoxide formation accompanied by opening of the sugar ring (S N 2-C5 on Scheme 2). In the second step, the glycosidic bond is cleaved to yield the Y ion. On the other hand, oxyanion at position two can attack the carbon at position one and simultaneously break the glycosidic bond and yield an epoxide (S N 2-C1 in Scheme 2). Another option is the intramolecular E2 elimination reaction, where the nucleophile removes a proton from the carbon at position two with simultaneous double bond formation and cleavage of the glycosidic bond (E2 on Scheme 2). A glycosidic bond can be also cleaved via the charge remote mechanism (proposed by Saad et al. [15] ). Reaction is initiated by a proton transfer from one of the hydroxylic groups to the glycosidic bond oxygen, followed by an epoxide formation and cleavage of the glycosidic bond (CR-PT in Scheme 2). Note that the charge remote mechanism mainly produces B ions.
Calculated reaction barriers indicate that the lowest energy pathways are associated with S N 2 mechanisms ( Table 1) . The S N 2-C5 mechanism on the Glc ring has a higher energy barrier than the rest of the S N 2 pathways. This is probably due to specific configuration of the transition state with the oxyanion at the reaction center lacking the hydrogen bonding ( Supporting Information, S-Figure 2e ). RRKM reaction rates show that at the ms and μs time scale the S N 2 mechanism is dominant (Figure 3) . At the μs time range there could be some minor E2 elimination product ions. Gal-Glc glycosidic bond cleavage mainly proceeds via both S N 2 pathways (C1 and C5), whereas Glc-Cer glycosidic bond cleavage just via S N 2-C1. Two pathways contribute to the formation of Y 1 ion, whereas only one to Y 0 in agreement with observation that Y 0 ion is less abundant than Y 1 (Figure 2) . Overall, both S N 2 mechanisms are consistent with isotopic labeling experiments [13] and theoretical calculations [14] that found oxyanion formation at the non-reducing ring to be an important factor in the glycosidic bond cleavage process. In this case, our results suggest slight preference of the one-step mechanism of the glycosidic bond cleavage (S N 2-C1 in Scheme 2) over the previously proposed two-step process [12, 13] , which involves sugar ring opening (S N 2-C5 on Scheme 2). However, as already suggested, this is due to particular transition state conformation, and with other glycoconjugate structure probably both pathways are operating. Moreover, first step of the S N 2-C5 mechanism produces an important intermediate, which is most likely a branching point between the glycosidic bond cleavage and more complex pathways involving cleavage(s) of the carboncarbon bond(s) and sugar ring fragmentation(s). Now that we explored mechanisms of the glycosidic bond cleavage on a simple Hex-Hex system, we can add the acidic group (i.e., Neu5Ac) to our system. Sialic acid group represents a new charge center that will strongly influence the gas-phase chemistry of (from now) acidic GSL (i.e., gangliosides).
Modeling of the Glycosidic Bond Cleavage of Deprotonated Gangliosides
To explain dissociation patterns of deprotonated gangliosides and to suggest appropriate fragmentation paths, GM3 ganglioside was used (GM3 on Scheme 2). In the lowest energy conformation of the [GM3-H] -ion, carboxylic group of Neu5Ac is deprotonated. Deprotonation of the carboxylic group creates the nucleophile, which can initiate substitution reaction. In the S N 2 intramolecular nucleophilic substitution, the carboxylic group attacks the Neu5Ac aliphatic carbon at position one, causing cleavage of the glycosidic bond and formation of the , respectively (Table 2 ). E2 elimination and charge remote mechanism were not considered for loss of the sialic acid because of difficulties with locating corresponding transition state (E2 -problem with stabilizing protonated carboxylic group at close proximity of the reaction center, CR-PT -problem with epoxide formation on the C1 atom without involvement of the carboxylic group). 
Gal-Glc
Glc-Cer Figure 3 . RRKM theory unimolecular reactions rate constants for dissociation of glycosidic bonds in LacCer Dissociation of both Gal-Glc and Glc-Cer glycosidic bonds of GM3 ganglioside (i.e., yield of the Y 0 and Y 1 ions, Figure 1 ) may be rationalized via already assessed charge directed and charge remote mechanisms (Scheme 2). However, for the charge directed mechanisms, deprotonated hydroxyl group is needed. In order to create deprotonated hydroxyl, proton transfer between deprotonated carboxyl group and the hydroxyl must occur. Considering the strong difference in the gasphase acidities between these two functional groups, two scenarios were tested. In the first, multistep pathway, proton transfer between deprotonated carboxyl group and the hydroxyl is followed by conformational rearrangement and glycosidic bond dissociation (Supporting Information, S-Scheme 1a). The second scenario represents a concerted mechanism, which includes glycosidic bond cleavage accompanied with a proton walk from the active hydroxyl to deprotonated carboxyl group (Supporting Information, S-Scheme 1b).
According to the first scenario, formation of the deprotonated hydroxylic group (Gal C4) requires 188.8 kJ mol -1
. Deprotonation is followed by a proton ring walk and conformational rearrangement (not assessed) in order to form intermediates for [e.g., the S N 2 reaction (on Gal C1) with dissociation thresholds of 244 kJ mol -1 ]. On the other hand, concerted mechanism is much simpler and reactants are either the most stable GM3 conformation or conformers slightly higher in energy (stabilized with multiple hydrogen bonds, perfectly aligned for proton walk). Reaction barrier of the concerted S N 2 pathway (in Gal C1) is 238.6 kJ mol -1
. Taking into account that concerted pathways have straightforward reaction path (one high threshold instead of multiple) and slightly lower thresholds, in further evaluation of the charge directed mechanisms we opted for concerted pathways. Summarizing all evaluated pathways, we can notice that lowest barrier is associated with the cleavage of Neu5Ac-Gal glycosidic bond via the charge directed SA-S N 2-(B or Y) mechanism (Table 2) . Charge remote and S 2 N charge directed mechanisms are the lowest energy pathways for the Gal-Glc and Glc-Cer glycosidic bonds cleavage. However, Hex-Hex bond cleavage is~90 kJ mol -1 higher than Neu5Ac-Hex bond cleavage, suggesting that a majority (in some cases perhaps all) of the product ions would be associated with the Neu5Ac-Gal glycosidic bond cleavage.
Calculated unimolecular reaction rates (by the RRKM theory) show that for reaching both ms and μs time range, the charge directed SA-S N 2-(B or Y) pathway (cleavage of the Neu5Ac-Gal glycosidic bond) requires least energy (665 and 1165 kJ mol -1 , respectively), Figure 4 . Considerably more energy is required for cleavage of the Gal-Glc (1200 to 1835 kJ mol -1 , respectively) and the Glc-Cer (1640 to 2605 kJ mol -1 , respectively) glycosidic bonds in the ms and μs time range. In the context of tandem MS ion abundances, obtained results suggest that in the GM3 product ion spectrum, product ions related to loss of the sialic acid (B 1 and Y 2 ) would be dominant. One can notice that addition of the sialic acid to the neutral glycoconjugate chain strongly influences the gas-phase chemistry, focusing reactivity towards acidic group. This is in agreement with the obtained product ion spectrum of GM3 (d18:1/18:0) depicted in Figure 1 , as well as with analysis of gangliosides fragmentation behavior (vide supra). For the Neu5Ac-Gal glycosidic bond cleavage, modeling results ( Figure 4 ) imply that B 1 product ion should be slightly more abundant over Y 2 ion. Although this is not in total agreement with the experimental data (Figure 1) , it is possible that relative abundances of B versus Y ions associated with the Neu5Ac-Gal glycosidic bond cleavage can vary as a consequence of glycoconjugate secondary structure and relative position of hydroxylic groups in the vicinity of the reaction center. Also, the proton transfer in an ion-neutral post-dissociation complex can occur causing the Y ion domination.
According to the RRKM calculations, the fastest Hex-Hex bond cleavage occurs at the sub-millisecond time scale roughly at the same internal energy when the charge directed SA-S N 2 pathway reaches the microsecond time frame, implying very low abundance of Hex-Hex bond cleavage product ions. Mechanism associated with fastest Hex-Hex bond cleavage is the charge remote mechanism and it should result in B ion series (e.g., B 2 and B 3) . However, B ions arising from the GalGlc and Glc-Cer glycosidic bond cleavages are not observed in GM3 product ion spectrum (Figure 1) . Moreover, our data on GSLs dissociation patterns in the ion trap tandem MS show their minor intensities (vide supra). Overall data suggest either the existence of some other Hex-Hex bond dissociation pathway (not considered here) or, more likely, a sequential dissociation of Y 2 product ion and formation of Y 1 and Y 0 . The MS 3 product ion spectrum of Y 2 supports the fact that Y 2 ion can produce Y 1 and Y 0 product ions in a possible sequential dissociation event (Figure 2 ).
Conclusion
The cleavage of the glycosidic bond with retention of the glycosidic oxygen atom by the species formed from the reducing end of GSL has been studied experimentally and computationally. Important findings can be summarised as follows: The analysis of 75 tandem MS spectra of mainly acidic GSLs (gangliosides) show that the dominant dissociation pattern is the cleavage of the sialic acid glycosidic bonds with formation of both B and Y product ions. Cleavages of other glycosidic bonds are less abundant and mostly Y product ions are observed.
Molecular modeling work on the neutral GSL suggests that observed cleavages of glycosidic bonds are a combination of two charge-directed intramolecular nucleophilic substitution (S N 2) mechanisms: (1) one-step process that simultaneously breaks the glycosidic bond and yields an epoxide, and (2) twostep process that includes epoxide formation and sugar ring opening followed by cleavage of the glycosidic bond. The RRKM results somewhat favor the one-step mechanism.
For the acidic GSLs, molecular modeling indicates that the major pathway is loss of the sialic acid via S N 2 mechanism. The reaction occurs when the nucleophile in a form of carboxylate attacks the carbon at position one of the sugar ring and simultaneously breaks the glycosidic bond to yield an epoxide. Unimolecular reaction rates show that product ions related to the cleavage of sialic acid glycosidic bond are dominant. For cleavage of other glycosidic bonds, overall data suggest activation of sequential dissociation channels.
More generally, this work provides insights into the glycosidic bond dissociation pathways that may be of particular value to other glycoconjugate studies.
